Heterologous expression of the phaC1 gene from Pseudomonas aeruginosa, which encodes one of the polyhydroxyalkanoic acid synthases, in Escherichia coli impaired in fatty acid L-oxidation results in polyhydroxyalkanoic acid accumulation when cells were cultivated on fatty acids. We evaluated the application of the fatty acid L-oxidation inhibitor acrylic acid as a tool to channel intermediates of L-oxidation to polyhydroxyalkanoic acid synthesis. Various E. coli strains affected in fatty acid metabolism and the wild-type strain harboring plasmid pBHR71 were analyzed with respect to polyhydroxyalkanoic acid accumulation in the presence of acrylic acid. The E. coli fadR mutant RS3097 revealed the strongest polyhydroxyalkanoic acid accumulation. The optimum inhibitory concentration of acrylic acid was 0.24 mg ml 3I and caused efficient channeling of intermediates of L-oxidation to polyhydroxyalkanoic acid synthesis. Under these conditions and grown on decanoate E. coli RS3097 harboring plasmid pBHR71 revealed a polyhydroxyalkanoic acid accumulation contributing to about 60% of cellular dry weight. z
Introduction
Numerous bacteria synthesize polyhydroxyalkanoates (PHAs) as carbon and energy storage polymers in response to various environmental stresses [1^3] . These polymers, and the bacterial species which produce them, have been the focus of extensive research and have attracted considerable interest of the chemical industry because of their potential use as biodegradable thermoplastics and elastomers. Enormous advances in PHA production have been obtained from the molecular analysis of the poly(3-hydroxybutyric acid) (PHB) biosynthesis genes encoding the PHB synthase, L-ketothiolase and acetoacetyl-CoA reductase from Alcaligenes eutrophus [4] . This biosynthesis operon has been introduced in several prokaryotes and eukaryotes resulting in PHB accumulation.
PHAs consisting of medium-chain-length (MCL) 3-hydroxy fatty acids with 5^14 carbon atoms are synthesized and accumulated in large amounts by a variety of Pseudomonas sensu stricto [1] . The comonomer composition of PHA wgv depends mainly on the carbon source, the cultivation conditions, and the metabolic routes leading to PHA formation [5, 6] . Data on PHA synthesis in Pseudomonas oleovorans and P. putida grown on various MCL fatty acids strongly suggested that 3-hydroxyacyl coenzyme A (acyl-CoA) intermediates of the L-oxidation route are channelled to PHA synthesis [7] . In addition, most pseudomonads belonging to this group, except P. oleovorans, are capable of PHA wgv synthesis from acetyl-CoA during cultivation on other simple, non-related carbon sources, such as gluconate. Thus intermediates or derivatives of the de novo fatty acid biosynthesis are incorporated into PHA. Another pathway leading to MCL hydroxyacyl-CoA thioesters in P. putida is the condensation of acyl-CoA with acetyl-CoA resulting in L-ketoacyl-CoA, which is subsequently reduced to 3-hydroxyacyl-CoA. This pathway is involved in PHA synthesis in P. putida when grown on hexanoate [7] .
Recently, it has been demonstrated that recombinant strains of Escherichia coli harboring either PHA synthase gene phaC1 or phaC2 from P. aeruginosa are capable of producing PHA wgv [8, 9] . In addition, studies on recombinant PHA wgv synthesis in various E. coli strains impaired in fatty acid metabolism suggested that the precursors for PHA wgv synthesis are mainly derived from L-oxidation [8] . In contrast to wild-type E. coli which accumulated PHA wgv of about 1^3% of cellular dry weight (CDW), the E. coli fadB mutant LS1298 with no detectable activities of L-oxidation enzymes accumulated PHA wgv contributing to about 21% of CDW [8, 9] . Recombinant E. coli containing the PHB biosynthesis genes from A. eutrophus has already been shown to synthesize poly(3-hydroxybutyrate) [4] as well as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) applying an E. coli fadR atoC (Con) mutant [10] . The aim of this study was to demonstrate that the inhibitor of L-oxidation acrylic acid [11] can be used to channel intermediates from L-oxidation towards PHA wgv synthesis in recombinant E. coli.
Materials and methods

Strains, plasmids and cultivation conditions
All bacteria and plasmids investigated in this study are listed in Table 1 . Cultivations were performed in Luria-Bertani broth (LB) or M9 medium containing the indicated carbon source, supplements and antibiotics. Cultivations were conducted at 37³C either with 50 ml medium in 300-ml Erlenmeyer £asks that were agitated on a shaker at 200 rpm or with 10 l medium in a 20-l stirred tank reactor.
Analysis of decanoate and acrylic acid
To monitor utilization of the carbon source decanoate and stability of the inhibitor acrylic acid during fermentation, we analyzed the cell-free supernatants. Supernatants were lyophilized, and the decanoate present was converted into the methyl ester by methanolysis in the presence of 15% (v/v) sulfuric acid in methanol, which was then analyzed by gas chromatography as described previously [16] . To determine the concentration of acrylic acid in supernatants, these supernatants were acidi¢ed by adding 1/10 volume 2 M HCl and then directly subjected to gas chromatography using a Shimadzu GC-9A gas chromatograph (injector temperature 250³C, column temperature 200³C) equipped with a Porapak QS column (2 mU5 mm). Table 1 Strains and plasmids used in this study Description Ref.
phaC1 and phaC2 from P. aeruginosa [9] Only genetic properties concerning the fatty acid metabolism are shown. All plasmids are derived from pBluescript SK 3 .
PHA analysis
PHA was qualitatively and quantitatively analyzed by gas chromatography (GC). Liquid cultures were centrifuged at 5000 rpm for 15 min, then the cells were washed twice in saline and lyophilized overnight. Approximately 5^7 mg of lyophilized cells or of isolated polyesters were subjected to methanolysis in the presence of 15% (v/v) sulfuric acid suspended in methanol, and the resulting methyl esters of hydroxyalkanoic acids were analyzed by GC as described previously [16] .
Isolation of PHA from lyophilized cells
PHA was extracted from lyophilized cells with chloroform in a Soxhlet apparatus and subsequently precipitated in 10 volumes of methanol. The precipitate was dissolved in acetone and was again precipitated in methanol in order to obtain highly puri¢ed PHA.
Results
Inhibition of L-oxidation by acrylic acid enables
PHA accumulation in recombinant E. coli E. coli LS1298 (fadB), which is impaired in fatty acid L-oxidation, is capable of PHA wgv accumulation contributing to 21% (w/w) of the CDW, if the PHA synthase gene phaC1 is expressed and if the cells are cultivated in medium containing various fatty acids [8] . The inhibitory e¡ect of acrylic acid on L-oxidation in wild-type E. coli JM109 harboring plasmid pBHR71 was analyzed with respect to PHA wgv accumulation. Inhibition of L-oxidation by acrylic acid should also provide precursors for PHA wgv synthesis. Cultivation of E. coli JM109 (pBHR71) in LB medium containing 0.4% (v/v) decanoate and various concentrations (1^4 mM) of acrylic acid resulted in PHA wgv accumulation. A concentration of 0.2 mg acrylic acid ml 3I (2.8 mM) was the optimum, leading to good growth and strong PHA accumulation contributing to about 30% (w/w) of CDW (Table 2 ). In contrast, in E. coli JM109 harboring pBHR71 cultivated without acrylic acid PHA contributed to only about 1.1% of CDW (Table 2).
3.2. The e¡ect of acrylic acid on PHA wgv synthesis in various recombinant E. coli strains
Various recombinant E. coli strains, all harboring pBHR71, were investigated regarding PHA synthesis from decanoate in the presence of acrylic acid. In all wild-type E. coli strains an about 30-fold increase in PHA accumulation was observed, when acrylic acid was added to the medium (Table 2 ). These strains accumulated signi¢cantly more PHA than E. coli All media contained 0.2 mg ml 3I acrylic acid and 0.4% (w/v) decanoate. Cultivations were conducted in 300-ml Erlenmeyer £asks in 50 ml medium for 48 h at 37³C. Whole cells were used to determined the PHA content. M9 media were supplemented with 50 Wg ml 3I thiamine, 12.5 Wg ml 3I tetracycline, 75 Wg ml 3I ampicillin and 1 mM IPTG; nd, not detectable. LB medium containing no (3) or 0.2 mg ml 3I acrylic acid (+), 0.4% (w/v) decanoate, 1 mM IPTG and antibiotic(s). Cultivations were conducted in 300-ml Erlenmeyer £asks in 50 ml medium for 48 h at 37³C. Whole cells were used to determine the PHA content. nd, not detectable. LS1298 (fadB), which possesses no detectable activities of fadBA encoded enzymes [15] ; in the latter strain acrylic acid did not promote accumulation (Table 2) . However, E. coli RS3097 representing a fadR41(ts) mutant with a deregulated L-oxidation, i.e. a derepressed L-oxidation, accumulated much larger amounts of PHA contributing to about 46% (w/w) of CDW, which was composed of 2.5 mol% 3-hydroxyhexanoate, 20 mol% 3-hydroxyoctanoate, 72 mol% 3-hydroxydecanoate and 5.5 mol% 3-hydroxydodecanoate, if expressing phaC1 and if cultivated on decanoic acid. This recombinant E. coli RS3097 was then used to ¢nd the most suitable basic medium with respect to PHA accumulation. LB medium with and without glucose resulted in much higher PHA contents in the cells than M9 medium containing various supplements, while NB medium also resulted in reasonable PHA accumulation (Table 3). Furthermore, an acrylic acid concentration of about 3.5 mM allowed maximum PHA accumulation in E. coli RS3097 (pBHR71) resulting in a PHA content of 60% of CDW. All further experiments were conducted applying this inhibitor concentration.
PHA synthesis in E. coli RS3097 harboring various plasmids
In order to investigate the in£uence of the PHA synthase, we analyzed various plasmids, expressing either phaC1 (pBHR71) or phaC2 (pBHR71-C2) or phaC1 plus phaC2 (pBHR78) from P. aeruginosa, with respect to PHA accumulation from decanoic acid mediated by inhibition of L-oxidation with acrylic acid in E. coli RS3097. The strongest PHA accumulation with PHA contributing to about 60% of CDW was obtained applying plasmid pBHR71. However, signi¢cant PHA accumulation was also achieved when plasmids pBHR71-C2 (52% of CDW) and pBHR78 (45% of CDW) were used.
3.4. PHA synthesis during fermentation with E. coli RS3097 harboring pBHR71 E. coli RS3097 harboring plasmid pBHR71 was cultivated in a 20-l stirred tank bioreactor containing 10 l medium. Acrylic acid (3.5 mM) and decanoate (0.2%, v/v) were added at the beginning and incubation was conducted over 48 h. Analysis of culture Fig. 1 . Cultivation of E. coli RS3097 harboring pBHR71 in the presence of acrylic acid. Cultivation was conducted in a 20-l aerobic stirred tank bioreactor in 10 l LB medium containing the antibiotics tetracycline (12.5 Wg ml 3I ) and ampicillin (75 Wg ml 3I ), 0.2% (w/v) decanoate, 1 mM IPTG and 0.24 mg ml 3I (3.5 mM) acrylic acid. The reactor was aerated with 6 l air min 3I , and the temperature was kept at 37³C. The medium was inoculated with 200 ml of a LB preculture. After 24 h 0.7 mM acrylic acid and after 30 h 0.2% (w/v) decanoate were added (see arrows). The cultivation was monitored with respect to CDW (b), PHA content (R), decanoate (F) and acrylic acid (+) concentrations.
£uids revealed that the concentration of the inhibitor acrylic acid was constant. Due to the increase in the cell density, 0.7 mM acrylic acid was added after an incubation of 24 h. After 22 h the strongest PHA accumulation of about 38% of CDW could be observed. The cell density reached a maximum of about 2.6 g l 3I after 42 h. About 50% of the decanoate was consumed after 30 h of incubation. Although 0.2% (v/v) of decanoate was added after 30 h cultivation, the decanoate was almost completely consumed after 48 h (Fig. 1) . Interestingly, decanoate consumption started in the late exponential growth stage simultaneously with PHA accumulation (Fig. 1) , indicating that cells initially grew on carbon sources provided by the LB medium and that PHA accumulation was correlated with the consumption of decanoate. PHA was isolated from 26 g CDW resulting in about 3.2 g of puri¢ed PHA. The PHA composition was 2.5 mol% 3-hydroxyhexanoate, 20 mol% 3-hydroxyoctanoate, 72 mol% 3-hydroxydecanoate and 5.5 mol% 3-hydroxydodecanoate. From the cells of a second fermentation about 1 g PHA was isolated from 22 g CDW. Considering some losses of the polyester during isolation it can be concluded that a major fraction of 3-hydroxy alkanoic acids detected in whole cells was deposited in polymeric form; in addition, obviously also some monomeric hydroxy fatty acids were accumulated in the cells.
Discussion
In this study, we evaluated the potential use of acrylic acid, an inhibitor of fatty acid L-oxidation, to channel intermediates of fatty acid L-oxidation to PHA synthesis in recombinant E. coli. Acrylic acid inhibits the 3-ketoacyl-CoA thiolase, which catalyzes the ¢nal step in L-oxidation, i.e. the release of acetylCoA from 3-ketoacyl-CoA [11] . The resulting acylCoA reenters the L-oxidation pathway. Inhibition of the 3-ketoacyl-CoA thiolase might results in accumulation of intermediates of fatty acid L-oxidation, which might then be channelled to PHA synthesis. The L-3-hydroxyacyl-CoA intermediates might be converted by the epimerase into D-3-hydroxyacylCoA thioesters, which are substrates for the PHA synthases from P. aeruginosa. Previous studies clearly demonstrated that fatty acid L-oxidation in recombinant E. coli, particularly employing the fadB mutant LS1298, provides precursor for PHA synthesis [8, 9] . Various recombinant E. coli strains harboring plasmid pBHR71, which causes functional expression of PHA synthase gene phaC1 from P. aeruginosa, were analyzed with respect to acrylic acid mediated PHA synthesis [8] . These data clearly demonstrated that acrylic acid is a powerful tool to route intermediates of the L-oxidation towards PHA synthesis. These results are consistent with our previous studies employing L-oxidation mutants of E. coli [8, 9] . Particularly, the fadR41(ts) mutant E. coli RS3097 revealed a strong accumulation of PHA contributing to about 60% of CDW, when grown on decanoate and in the presence of acrylic acid. FadR functions in E. coli as a repressor of many genes and operons encoding proteins involved in long-chain fatty acid transport, activation, and L-oxidation. FadR binds to speci¢c operator sites upstream of the fatty acid degradative (fad) genes to turn o¡ transcription [17] . Derepression of fad genes occurs upon growth of E. coli in media containing long-chain fatty acids (C14^C18). Thus in E. coli RS3097 (fadR41(ts) mutant) constitutive expression of the fad genes is realized. Growth of recombinant E. coli RS3097 in the presence of acrylic acid and MCL fatty acid results in derepressed L-oxidation and simultaneous inhibition of the ¢nal enzymatic step of L-oxidation. Apparently, a su¤ciently strong accumulation of L-oxidation intermediates occurred from which the substrates for PHA synthases were derived. Since the acrylic acid concentration did not signi¢cantly change during fermentation as monitored by GC (Fig. 1) , and because it has to be applied at very low concentrations, acrylic acid presents a cheap and stable biotechnological tool for metabolic routing in favor of PHA synthesis in E. coli.
